Oscillating electric fields can be rectified by proteins in cell membranes to give rise to a dc transport of a substance across the membrane or a net conversion of a substrate to a product. This provides a basis for signal averaging and may be important for understanding the effects of weak extremely low frequency (ELF) electric fields on cellular systems. We consider the limits imposed by thermal and "excess" biological noise on the magnitude and exposure duration of such electric field-induced membrane activity. Under certain circumstances, the excess noise leads to an increase in the signal-to-noise ratio in a manner similar to processes labeled "stochastic resonance." Numerical results indicate that it is difficult to reconcile biological effects with low field strengths.
In previous papers (1, 2) we considered the signal-to-noise ratio expected for a weak external extremely low frequency (ELF) signal field applied to a biological cell subject to thermal (Johnson-Nyquist) noise voltage across the membrane, where the membrane is treated as a resistor and capacitor in parallel. The basic hypothesis is that a biological system cannot in principle be influenced by an applied electromagnetic field if the biological signal (i.e., the change in some parameter away from the unperturbed condition) resulting from the field is smaller than the root-mean-square (rms) noise in that parameter in the absence of the field.
We considered the signal to be the change in the instantaneous membrane potential 6V, which leads to the condition SV2 2 4RmemkBTAf to achieve a signal-to-noise ratio (S/N) greater than unity, where Rmem is the membrane resistance, kB is the Boltzmann constant, T is the absolute temperature, and Af is the relevant frequency bandwidth.
Since both 6V and Rmem, as well as the electrical properties that set a limit to Af, can be written in terms of the size of the cell as well as the membrane electrical properties, estimates for the minimum electric field necessary to at least overcome the effects of thermal noise in terms of the physical parameters of biological cells were obtained.
In the present paper we explicitly treat signal averaging in terms of a general model of field-induced membrane activity that includes the rectification of currents transmitted through the membrane and the rectification of catalytic action by enzymes subjected to fields in the membrane. Also, unlike the previous papers (1, 2), where only the fundamental limit on detection imposed by thermal (kBT) noise was treated, we consider S/N as a function of a general "white noise" intensity, since there are sources of noise in biological membranes other than Johnson-Nyquist (thermal) noise which may act to effectively increase the temperature. We find that S/N can increase with increasing noise under biologically relevant
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conditions in a manner similar to the phenomenon of "stochastic resonance" known for many physical systems (3-5).
The Rectifier Equation
Biological cells operate most often near steady state. Molecules that are generated through some process are eliminated at approximately the same rate as they are produced. For example, many metabolic processes (including decarboxylation by ornithine decarboxylase) produce oxidizing radicals, such as superoxide, as by-products. These oxidizing agents can diffuse to the nucleus and oxidize DNA, possibly causing deleterious mutations. The effects of such agents are limited by the action of enzymes such as superoxide dismutase that scavenge these oxidants and convert them to harmless materials. At a steady state, the average rate of production of superoxide equals the rate of degradation, 'creation = Jdestruction, where the overline indicates a time average. However efficient the scavenging mechanism, some radicals will escape the scavengers and be eliminated in the process of oxidizing the genetic material, thus damaging that material. In this picture, DNA acts as a sink for unscavenged radicals, which are turned into damaged sites that accumulate over time.
Through effects on membrane proteins, an applied ELF electric field may increase the average rate of production of superoxide. Specifically, the change in field could affect superoxide production by changing the chemical equilibrium in the cell. That equilibrium could be modified through the field-induced opening of protein gate channels in the membrane, thus changing the membrane transmission properties, or through field-induced changes in the catalytic properties of enzyme proteins associated with the membrane. Such an increase in production will result in an increase in the concentration of the oxidants in the cell and an increased superoxide concentration, leading to an increased damage rate. The biologically important "signal" generated by the field-induced change in membrane activity is the total damage accumulated during exposure to the field.
As is the case for certain models of damage from radioactivity, the important parameter is the accumulated dose and not the maximum instantaneous intensity. To obtain a quantitative relationship between the various relevant parameters (applied field strength, cell size, normal rate of catalysis, noise intensity, and time of exposure) we consider a simple model shown in Fig. 1 The dynamical behavior of the system can be described in terms of diffusion on a one-dimensional potential surface such as depicted in Fig. 2 
where k is a bimolecular rate constant and [S] out is the concentration of S outside of the cell. We take the concentration of S inside the cell to be much less than that outside the cell so the backflow through the open channel can be neglected. The maximum inflow can be defined as Jmax = k[S]outNtot.
We presume a coupling between the gate protein such that an external ELF electric field E(t) = Eocos(wt) modulates the energy difference between the closed and open states such that U = Uo + SU, where U0 is the energy difference between the states in the absence of a perturbing electric field. At ELF frequencies, where the capacitative admittance of the membrane is very small, SU = 1.5zEorcell cos(O) cos(wt), where rcell is the radius of the spherical cell, z is the displacement charge of the voltage-gated channel, and 6 is the angle between the imposed electric field and the normal to the membrane. We consider c << T . Here T-1 = kopen + kclosed is the inverse relaxation time of the channel, where kopen and kclosed are the rate constants for opening and closing the channel.
At steady state in the absence of the applied field the average absorption of S in the cell counterbalances the average rate of entry; for U = U0, Jabs = Jin.
We consider two processes that act to eliminate S, an absorption by scavengers at an average rate, Js, and an absorption by an oxidation insult to the DNA with a rate, Jdna, where Jdna + Js, = Jabs. We assume efficient scavenging under equilibrium conditions, so the ratio, Ro(U = Uo) = Jdna/Jscv << 1.
In the presence of the applied field, the rate of entry of S into the cell may be increased and the level of S in the cell will increase. But we consider that that increase is small and absorption efficiency will not be changed; hence, R = Ro will be the relevant efficiency parameter for all conditions that we consider.
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zrcell [8] Homeostatic Constraints. Eqs. 3-8 take the form presented in the absence of homeostatic constraints. In some circumstances, cell physiology will dictate a steady-state value of Q in the cell, Qequil, such that, to first order in AQ = Q -Qhomeostasis,
where Thomeostasis is a time constant for the return to steady state of a perturbed cell. In such a case, a term like that on the left of Eq. 9 should be added to Eq. 3 for a complete description of the change in S (or Q) in the cell.
In the continuous presence of the perturbation, a new steady state will be defined. If that steady-state situation is such as to generate a higher level of stochastic insult to the cell-e.g., as injury to DNA-the probability of additional insults will be proportional to the time under which the perturbation is imposed and no pertinent homeostasis may be relevant. We have proceeded in the conservative approximation that homeostatic effects are not important.
Numerical Results
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There are four parameters to consider. These are the product *y of stochastic resof the applied field E and the coupling factor zrce_i; the product e indicative of the of a maximum background flow Jmax and time t; the unperich we focus in this turbed energy difference between open and closed states Uo; ce the fundamental and the "white" noise intensity D. As an explicit example, ell potential (Fig. 2) consider a 100-gm cell exposed to a 1-mV/cm rms field in the and Wiesenfeld. In aqueous medium surrounding the cell. cessarily symmetric If we take U0 = 8kBT, Jmax = 1012/sec and z = 10, we find is different than at that S/N = 1 is reached after 10,700 sec (= 3 hr) for D = kBT.
If instead, D = 4kBT (D = Uo/2 minimizes Emin in Eq. 8), we tvalue of the energy find that S/N = 1 is reached after 3000 sec (1 hr). in S/N with noise,
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Conclusion
We have discussed two mechanisms that may be relevant for understanding possible effects of weak electric fields on biological cell-rectification by enzymes and transporters, which allows a dc response to be generated by an ac signal, and stochastic resonance, which allows "white" noise acting on a system to give rise to a larger signal (and S/N) than would be the case if only thermal (kBT) noise were acting on the system. We focused on a specific model of field-induced membrane activity where a substance flows through a membrane voltagegated channel, but the basic principles apply to a much wider array of physical and chemical systems (8) . The nonmonotonic dependence of S/N on noise strength can be expected in any system that must surmount an activation barrier to make a transition resulting in a response to an external signal. Rectification requires in addition an asymmetry. In the case of the channel, the asymmetry is provided by Uo 0 0.
In conclusion, the two major results of this paper are (i) that rectification provides a mechanism by which signal from an external ac electric field can be accumulated; and (ii) that "noise" larger in magnitude than expected at equilibrium does not necessarily lead to a higher threshold for response of a system to a weak ELF field, and indeed can increase the ability of the system to respond. Despite these conclusions, we must remember that the field strengths predicted as thresholds for response, while small, are still larger than fields likely to arise from typical environmental sources.
Further, it is important to emphasize that even if an external field is larger than our threshold value, this does not imply that the field will cause an effect, but only that an effect is possible within the context of a straightforward thermodynamic perturbation-response analysis.
